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Interval timing refers to the ability to perceive, estimate and discriminate durations in 
the range of seconds to minutes. Very little is currently known about the ontogeny of 
interval timing throughout development. On the other hand, even though the neural circuit 
sustaining interval timing is a matter of debate, the striatum has been suggested to be an 
important component of the system and its maturation occurs around the third post-natal 
(PN) week in rats. The global aim of the present study was to investigate interval timing 
abilities at an age for which striatum is not yet mature. We used odor fear conditioning, 
as it can be applied to very young animals. In odor fear conditioning, an odor is presented 
to the animal and a mild footshock is delivered after a fixed interval. Adult rats have been 
shown to learn the temporal relationships between the odor and the shock after a few 
associations. The first aim of the present study was to assess the activity of the striatum 
during odor fear conditioning using 2-Deoxyglucose autoradiography during development 
in rats. The data showed that although fear learning was displayed at all tested ages, 
activation of the striatum was observed in adults but not in juvenile animals. Next, we 
assessed the presence of evidence of interval timing in ages before and after the inclusion 
of the striatum into the fear conditioning circuit. We used an experimental setup allowing 
the simultaneous recording of freezing and respiration that have been demonstrated to 
be sensitive to interval timing in adult rats. This enabled the detection of duration-related 
temporal patterns for freezing and/or respiration curves in infants as young as 12 days PN 
during odor fear conditioning. This suggests that infants are able to encode time durations 
as well as and as quickly as adults while their striatum is not yet functional. Alternative 
networks possibly sustaining interval timing in infant rats are discussed. 



Keywords: olfactory fear conditioning, ontogeny, memory, interval timing, striatum, respiration, freezing, 
infant rats 



INTRODUCTION 

The ability to time events is continuously used in humans and 
other animals. It leads to the prediction of events, to the pro- 
duction of appropriate responses, and to the detection of errors 
in usual temporal patterns. It allows us, for example, to esti- 
mate if we have time to cross the street or if we have to stop 
when the traffic light turns yellow by estimating when it will 
turn red. Pavlov (1927) was the first to describe the encoding 
of the temporal relationships between events. Pavlovian con- 
ditioning is now defined as the pairing of an initially neutral 
stimulus (the conditioned stimulus, CS) with an unconditioned 
one (US). After repeated presentations of this association, the 
CS elicits conditioned responses which appear to be anticipa- 
tory to the arrival of the US (Pavlov, 1927). This suggests an 
encoding of the temporal relationships between the CS and 
the US. 

The ability to perceive, estimate and discriminate durations 
in the range of seconds to minutes is referred to as interval 



timing. Very little is currently known about the ontogeny of 
interval timing throughout development. Fitzgerald et al. (1967) 
demonstrated that human infants as young as 1 -month-old can 
be conditioned to temporal regularities. Indeed, when exposed 
to repeated light/dark switches, they exhibit pupillary dilatation, 
which becomes regular regardless if the light stimulus is pre- 
sented or not. Since then, several studies have compared time 
judgments during development and showed that time estimation 
improves throughout childhood (see a meta-analysis by Block 
et al., 1999; a review by Droit- Volet, 201 1). In animals, most of the 
studies carried out to investigate the ontogeny of time encoding 
in rats have used eyeblink conditioning, which involves interval 
durations in the milliseconds range. This procedure usually con- 
sists of pairing an auditory stimulus with an eyeblink-eliciting 
US (e.g., a mild air-puff to the eye or a mild shock to the eye- 
lid). After many CS-US pairings (usually 100-300), a conditioned 
eyeblink response occurs such that the peak amplitude of the con- 
ditioned response occurs at or just before the onset time of the 
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US (Smith, 1968; Smith et al., 1969). Eyeblink conditioning has 
been shown to emerge gradually between post-natal (PN) day 17 
and PN24 (Stanton et al, 1992; Freeman et al, 1993). However, 
while interstimulus interval discrimination of the conditioned 
eyeblink response occurs in juvenile rats, performance shows pro- 
tracted development through adulthood (Freeman et al., 2003; 
Brown et al., 2006). Concerning the timing of longer duration 
intervals (seconds to minutes range), only two studies (Lejeune 
et al, 1986; Lejeune, 1992) investigated interval timing in juve- 
nile (20-30 days of age) rats using a Fixed Interval procedure, 
where a food reinforcer was delivered in response to lever presses 
on a fixed 60s schedule. This procedure is used to investigate 
the ability of animals to adjust to the temporal regularities of 
their environment. The studies by Lejeune et al. (1986) and 
Lejeune (1992) reported excellent temporal regulation of behav- 
ior in juvenile rats. However, since Fixed Interval procedures 
require multiple training days, juvenile rats reached the age of 
30 days at the end of training. To our knowledge, no experi- 
ment has been conducted to test interval timing at younger ages 
in rats. 

The neural circuits sustaining the encoding and memorization 
of temporal information are still a matter of debate. Numerous 
structures have been suggested to be involved, with considerable 
differences depending on the paradigms, and no structure has 
been exclusively related to time encoding. Yet, there is a consensus 
in the literature that the areas critically involved in timing depend 
on the timescale considered. Indeed, the cerebellum might be cru- 
cial for sub-second durations, while the striatum and prefrontal 
cortex might be more involved in processing seconds to minutes 
interval durations (for reviews, see Buhusi and Meek, 2005; Meek 
et al., 2008). More specifically, a number of recent studies have 
demonstrated that the striatum is an important component of the 
interval timing system both in humans and animals (reviewed in 
Buhusi and Meek, 2005; CouU et al., 2011). However, anatomi- 
cal studies showed that the striatum morphological maturation 
occurs around PN15 (Chronister et al, 1976; Tepper and Trent, 
1993). Moreover, Tepper et al. (1998) reported that the electro- 
physiological characteristics of the striatal neurons continue to 
mature throughout the preweaning period. This delayed onto- 
genesis of the striatum raises the question of whether rats are 
capable of timing intervals prior to striatum development. The 
global aim of the present study was to investigate interval tim- 
ing abilities in rats at an age for which the striatum was not yet 
mature. 

We addressed this question using odor fear conditioning. 
Indeed, in comparison with the Fixed Interval procedure, fear 
conditioning makes very little demand on the rat motoric capabil- 
ities. Furthermore, odor fear conditioning can be applied to very 
young animals (Sullivan et al., 2000) as their sense of smell is fully 
functional at birth, contrary to vision and audition. 

We first investigated whether the striatum, known for its 
role in time processing, was activated by odor fear condition- 
ing in developing rats using 2-DG autoradiography. Although 
fear learning was shown at all tested ages, activation of the 
striatum was observed in adults but not in juvenile animals. 
Next, we assessed the presence of evidence of interval timing in 
ages before and after the inclusion of the striatum into the fear 



conditioning circuit. For this, we used an experimental setup 
allowing the simultaneous recording of freezing and respiration 
which have been demonstrated to be sensitive to interval tim- 
ing in adult rats (Hegoburu et al, 2011; Shionoya et al, 2013). 
This enabled us to assess the emergence of temporal patterns dur- 
ing the acquisition of the odor-shock association in both adult 
and infant rats. Such analysis revealed evidence of interval tim- 
ing in ages prior to and after the functional maturation of the 
striatum. 

METHODS 
ANIMALS 

The subjects were male and female Long Evans rats born and 
bred either in the Nathan Kline Institute colony (originally from 
Harlan, USA) or in the Lyon Neuroscience Research Center (orig- 
inally from Janvier, France). Only one female and one male pup 
per litter per treatment/test condition were used for all experi- 
ments and animals from the same litters were used in the different 
treatment/test conditions and ages. A total of 20 litters were 
used. Three groups of ages were used: PN day 12-15 (PN12- 
15, infants), PN22-24 (juveniles) and older than PN75 (aduhs). 
Day of birth was considered PNO. Pups were maintained with 
their litters up to the end of the experiments, including juve- 
nile pups. Adults were housed by pairs at 23°C and maintained 
under a 12h light-dark cycle (lights on from 6:00 am to 6:00 
pm). Food and water were available ad libitum and abundance 
of wood shavings was supplied for nest building. AH experiments 
were conducted in strict accordance with the Institutional Animal 
Care and Use Committee of the Nathan Kline Institute, which 
follows the guidelines from the American National Institutes of 
Health, and with the European Community Council Directive 
of November 24, 1984 (84/609/EEC) and the French National 
Committee (87/848) for care and use of laboratory animals. Care 
was taken at all stages to minimize stress and discomfort to 
the animals. An overlap in personnel conditioning/testing both 
infant and adult rats in France and the USA ensured consis- 
tency of conditioning and testing of infant and adult animals 
between labs. 

TRAINING APPARATUS 

Equivalent conditioning apparatus and procedures were used 
between labs as previously described (USA: Coulbourn equip- 
ment, described in Sevelinges et al., 2008; France: Emka and 
Coulbourn equipment, described in Hegoburu et al, 2011). 
In the USA, a standard Coulbourn shock chamber was used. 
In France, a custom built Plexiglas conditioning chamber for 
fear conditioning was used and equipped with features allow- 
ing fine-grain freezing analysis (4 camera views, B/W CMOS 
PINHOLE camera, Velleman, Belgium, and an homemade acqui- 
sition software using Matrox Imaging Library and acquisition 
card, Matrox video, UK) and a plethysmograph (diameter 30 cm, 
Emka Technologies, France) for measuring respiratory frequency 
(see Hegoburu et al., 2011 for further description of the plethys- 
mograph). The height of the plethysmograph was adapted to the 
age of the animal in order to optimize the signal-noise ratio, 
leading to a height of 30 cm for the adults and 16.5 cm for the 
infants. 
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ODOR FEAR CONDITIONING PROCEDURE 

CS-US parameters were standardized between labs. The American 
lab used the Coulbourn FreezeFrame software for stimuli delivery 
control and video recording. The French lab used a custom build 
program for stimuli delivery and recording. Conditioning took 
place in a sound attenuation chamber with deodorized air con- 
stantly flowing through the cage (2 L/min). The odor CS was a 30- 
s peppermint odor (McCormick Pure Peppermint; 2 L/min; 1:10 
peppermint vapor to air) and was controlled with a solenoid valve 
that diverted the airflow to the peppermint air stream, thus mini- 
mizing pressure change. The 1 -s mild electric shock was delivered 
through a grid floor. In the US, for the youngest pups, the shock 
was delivered through an electrode to one hind limb. At both 
sites, adult rats were handled for about 4 days and placed into the 
conditioning chamber for context habituation. Juveniles received 
only 1 day of handling and habituation while infants, for which 
conditioning to context is not yet developed (Raineki et al., 2010), 
were not handled to minimize distress from separation from the 
mother. 

Three training conditions were used throughout the exper- 
iments: Odor-shock pairings (Paired condition). Odor-shock 
unpaired presentation (Unpaired condition) and Odor-alone pre- 
sentation (Odor group). In the paired groups, during the first 
lOmin of the conditioning session, the animals were allowed an 
adaptation period of free exploration. Then the CS odor was 
introduced into the cage for 30 s, the last second of which over- 
lapped with the shock. The animals received ten odor-shock trials, 
with an inter-trial interval of 4 min. In the Unpaired groups, the 
same procedure was carried out except that the shock and the 
odor were explicitly unpaired using a fixed long duration (180 s) 
between the odor onset and the shock arrival. In the Odor groups, 
the odor was presented alone for 30 s. 

RETENTION TEST 

A subset of animals at the three ages (Infants: « = 17; Juveniles: 
n = 22; Adults: n = 26) were tested the day after conditioning for 
learned fear responses. Testing was done by an experimenter blind 
to the training conditions. 

Infants were tested in a y-maze (start box: 8.5 x 10 x 8 cm; 
choice arms: 8.5 x 24 x 8 cm), one arm containing the pepper- 
mint odor CS (20 [iL peppermint on Kim Wipe), and the other 
containing familiar pine shavings (20 mL clean bedding). Pups 
were given 5 trials. For each trial, the pup was placed in the 
start box (5 s), the door to each alley opened and the animals 
were given 60 s to choose an arm. The number of choices of 
the arm containing the CS odor was compared between groups 
using a One-Way ANOVA with the Group as an independent 
factor. 

For adults and juveniles, the rat was placed in a novel exper- 
imental cage with new contextual (tactile and visual) cues and 
allowed a 10-min odor-free period. The CS odor was then pre- 
sented five times (30 s with a 4-min inter-trial interval) and the 
animal's freezing response was hand scored by an experimenter 
blind to the training conditions. The average freezing behavior of 
a 25 s period preceding odor delivery (Pre-CS period) was com- 
pared with the full odor presentation period (CS period) using 
a Two-Way ANOVA with Group (Paired, Unpaired and Odor) as 



an independent factor and Period (Pre-CS vs. CS) as a repeated 
measures factor. Significant ANOVAs were followed by Post-hoc 
Fisher comparisons. 

STRIATUM 2-DG AUTORADIOGRAPHY 

In the ^^C 2-DG autoradiography, the animals (adults: n = 
17, juveniles: n = 18) were injected with 2-DG (20|iCi/100g) 
5 min prior to conditioning (Paired, Unpaired and Odor). Brains 
were removed immediately after the 45 min of conditioning, 
frozen in 2-methylbutane (— 45°C) and stored at — 70°C. Brains 
were then cut into 20 [im coronal sections (following equili- 
bration to — 20°C) and placed in exposure cassettes for 4 days 
with standards ('*C methylmethacrylate standard 10 x 0.02 mCi; 
American Radiolabeled Chemicals, Inc.), scanned (Epson) and 
analyzed using NIH Image J Software for quantitative opti- 
cal densitometry. The dorsal striatum was divided into anterior 
(Bregma -1-1.9 mm, Paxinos and Watson, 1986) and posterior dor- 
sal striatum (Bregma -FO.l). Within each part, the lateral and 
medial dorsal striatum were differentiated, as they receive inputs 
from different parts of the brain (McGeorge and FauU, 1989). 
Coordinates were adjusted in pups to obtain similar measure 
locations in both adults and pups. To control for potential dif- 
ferences in section thickness and autoradiograph exposure, 2-DG 
uptake was measured relative to 2-DG uptake in the corpus callo- 
sum that did not vary between conditioning groups (Sullivan and 
Leon, 1986; Sullivan et al., 2000). For each developmental age, the 
data from the anterior and posterior parts of the dorsal striatum 
were analyzed using a Three-Way ANOVA with Group as an inde- 
pendent factor and Anteriority (anterior vs. posterior part) and 
Laterality (lateral vs. medial part) as repeated measures factors. A 
One- Way ANOVA was then carried out on the data of each of the 
four subparts, followed by post-hoc Fisher comparisons allowed 
by the ANOVA results. 

ASSESSMENT OF TEMPORAL PAHERNS OF FREEZING AND 
RESPIRATION DURING ACQUISITION 

To assess interval timing during development we used olfactory 
fear conditioning in PN12-15 infant (n = 30) and adult rats 
(n = 25), ages representative of before and after functional striatal 
development. Three experimental groups of animals per age were 
trained using either 30 s (Paired 30 s group), or 20 s (Paired 20 s 
group) Odor- Shock interval duration, or Odor alone presentation 
(Odor group). 

In each experimental group, the time course of respiration 
and behavior was monitored throughout the acquisition session. 
Offline, the respiratory signal was analyzed and momentary respi- 
ratory frequency was determined. The animal's freezing behavior 
was automatically detected using a Lab View homemade soft- 
ware that had been validated by comparison to hand scoring 
by an experimenter blind to the rats' condition. Definition of 
the freezing at the different ages followed the methods defined 
by Takahashi (1992) and takes into account the immaturity of 
infants' musculoskeletal system. Instant respiratory frequency 
and freezing were averaged on a second by second basis, lead- 
ing to 1-s time bins curves. The resulting individual curves 
were then averaged among animals of the same experimental 
group. 
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The temporal dynamics of the recorded parameters in pres- 
ence of the CS odor was compared using a Two- Way ANOVA 
with Group as an independent factor and Time as a repeated 
measures factor. Post-hoc pairwise comparisons were then car- 
ried out when allowed by the ANOVA results. In addition in 
each group, a One-Way ANOVA for repeated measures was car- 
ried out to compare each CS-bin (i.e., seconds 1-19 in the 
Paired 20 s group and seconds 1-29 in the Paired 30 s group) 
to the averaged parameter value during 25 s prior the odor 
arrival as a baseline. Post-hoc within group comparisons were 
then carried out when allowed by the ANOVA results. For all 
the statistical comparisons performed, the significance level was 
set at 0.05. 

In order to assess whether the temporal patterns of freezing 
and respiratory rate observed for the Paired 20 s and Paired 30 s 
groups are related to the CS-US interval, we assessed whether 
they respected the scalar property. Indeed, a remarkable prop- 
erty of interval timing is that the error of time estimation varies 
linearly with the estimated interval. This is known as the scalar 
property of time estimation (Gibbon, 1977). As a consequence, 
when the behavioral temporal response functions are normalized 
by the criterion time (multiplicative rescaling), they superimpose 
(reviewed in Matell and Meek, 2000). To test if this property was 
respected for the freezing and respiratory rate temporal responses, 
the time axis for the individual curves of the Paired 30 s rats 
was multiplicatively rescaled so that the 19 bins of time of CS 
for both groups represented the same proportions of elapsed 
time from CS onset to shock presentation. The scalar timing rule 
predicts superior superposition of the functions in relative time 
(multiplicative transform, comparison of the Paired 20 s aver- 
age curve to the rescaled Paired 30 s average curve), compared 
to no rescaling (comparison of the Paired 20 s average curve to 
bins 1-19 of the Paired 30 s average curve) or rescaling by an 
additive shift of x-axes (additive transform, comparison of the 
Paired 20 s average curve to bins 11 to 29 of the Paired 30 s 
average curve). Superposition was indexed by eta-square (f]^). 



a measure of the proportion of variance accounted for by the 
mean of the two functions (Brown et al., 1992). When superpo- 
sition is perfect, is at its maximum value of 1. Superposition 
was assessed on curves obtained with absolute freezing and 
respiratory rate values as well as with data normalized in rel- 
ative response rate (maximum minus minimum values) on the 
Y axis. 

RESULTS 

FEAR LEARNING: ODOR-SHOCK CONDITIONING PRODUCED LEARNING 
AT ALL AGES 

To assess learning from odor-shock conditioning at all ages, 
some animals were conditioned and tested for retention approx- 
imately 24 h later. As illustrated on Figure 1, all paired odor- 
shock conditioning animals showed learning at testing. Infants 
tested in a Y-Maze (Figure lA) showed a significant Group 
effect [_F(2, 14) = 13.404, p = 0.001] and post-hoc Fisher anal- 
ysis indicated that the paired groups were significantly differ- 
ent from each of the controls (Paired vs. Unpaired p = 0.002; 
Paired vs. Odor p < 0.001). Juvenile and adult rats received 
a cue test (CS presentations) in a novel context with learn- 
ing assessed through freezing rate and analyzed with Two- Way 
ANOVA with repeated measures (Pre-CS vs. CS). Juvenile animals 
(Figure IB) showed a significant Group x Period interaction 
[^(2, 20) = 4.234, p = 0.029]. Post-hoc analysis evidenced a sig- 
nificant freezing increase during the CS odor in the Paired group 
(p = 0.02) while this increase was not present in the Unpaired 
and Odor groups {p > 0.05). Adult rats (Figure IC) showed a 
significant Group x Period interaction [_F(2, 23) = 6.462, p = 
0.006]. In the Paired group, the level of freezing was higher dur- 
ing the CS presentation than during the Pre-CS period (p < 
0.05), while it remained unchanged in the Unpaired and Odor 
groups ip > 0.05). 

Therefore, the training paradigm used in the present study 
resulted in good memory at the three developmental ages 
considered. 
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FIGURE 1 I Learning retention session. Animals were tested the day after 
conditioning. (A) Infant rats (Paired, n=5; Unpaired, n = 6; Odor, n= 6) 
were given a Y-Maze test and the number of CS choices (mean ± s.e.m.) out 
of 5 were used as a measure of learning. (B) Juveniles (Paired, n = 7; 



Unpaired, n = 9; Odor, n = 6) and (C) adults (Paired, n = 8; Unpaired, n = 8; 
Odor, n = 10) received a cue test in a novel environment and the freezing rate 
(mean ± s.e.m.) was compared between pre-CS and CS Odor. *Significant 
intragroup difference (p < 0.05); 'significant intergroup difference (p < 0.05). 
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FIGURE 2 I Striatum 2-DG autoradiography during odor fear 
conditioning. (A) 2-DG autoradiograph with the corresponding coronal 
brain sections from Paxinos and Watson (1986; numbers on the right 
indicate distance relative to bregma in mm). Anterior and posterior parts of 
the dorsal striatum were analyzed separately and subdivided in lateral (L) 
and medial (M) portions for optical densitometric measurements. 



(B,C) Mean 2-DG uptake ratio (±s.e.m.) in the dorsal striatum relative to 
corpus callosum during odor fear conditioning in adult (B) and juvenile 
animals (C) in the different experimental conditions: Adult Paired (n= 5); 
Adult Unpaired (n = 6); Adult Odor (n = 6); Juvenile Paired (n = 6); Juvenile 
Unpaired (n = 6); Juvenile Odor {n = 6). *p = 0.066, *p = 0.021 , Fisher test 
comparison with the Paired group. 



STRIATAL^'^C 2-DG AUTORADIOGRAPHY: THE POSTERIOR DORSAL 
STRIATUM IS ACTIVATED DURING ODOR-SHOCK CONDITIONING IN 
ADULTS BUT NOT IN JUVENILES 

The level of activation of the dorsal striatum (Figure 2A) during 
odor fear acquisition was assessed in adults and juveniles using 
^^C 2-DG autoradiography. 

In adults (Figure 2B), the Three-Way ANOVA revealed a 
significant effect of Anteriority 14) = 21.65, p < 0.001], 
Laterality 14) = 19.67, p = 0.001] and Laterality x Group 
interaction 14) = 4.51,p = 0.03]. Further One-Way ANOVA 
revealed that in the anterior part of the dorsal striatum (upper 
panel) the level of activation did not vary between groups for both 
the lateral [f(2,i4) < 1] and medial [f{2, 14) = 1.24, p = 0.32] 
parts. In the posterior part of the striatum (lower panel), the One- 
Way ANOVA revealed a main effect of the Group in the medial 
part Jf (2. 14) = 3.62, p = 0.05] but no significant effect in the lat- 
eral part [P(2, 14) = 2.50, p = 0.12] although the same tendency 
was observed. Post-hoc Fisher tests revealed that in the medial 
part, the Paired group exhibited a higher level of 2-DG uptake 
compared to the Odor group (p = 0.021) and the unpaired group 
(tendency, p = 0.066). 

In juvenile rats (Figure 2C), the activation of the striatum was 
at a similar level between all groups regardless if the measure was 



taken on the anterior or the posterior dorsal striatum, medial or 
lateral parts (for all comparisons: F < 1). 

In summary, in adult rats, odor fear conditioning was 
associated with an increased activation in the posterior part 
of the dorsal striatum, while in juveniles no increase was 
observed. 

TEMPORAL PAHERNS FOR FREEZING AND RESPIRATION DURING 
ACQUISITION: INFANTS SHOW A TEMPORAL PAHERN OF US 
EXPECTANCY 

In order to assess the ability of animals of the different ages to 
encode interval duration in our odor fear conditioning paradigm, 
the temporal patterns of responses of animals conditioned to a 
30 s and to a 20 s CS-US interval were compared in adult and 
infant rats. For both ages, we examined the temporal patterns of 
freezing and respiration during the CS presentation in 1-s time 
bins. The average curves of the last four odor-shock pairings were 
pooled together for each parameter (i.e., freezing and respira- 
tory rate). Both parameters were compared between and within 
groups using a Two-Way ANOVA with factor Group (Paired 20 s. 
Paired 30 s, and Odor) and repeated factor Time. The compari- 
son was made on the common CS duration between the Paired 
20 s and Paired 30 s groups (1-19 s). 
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FIGURE 3 I Effect of odor-shock conditioning on fine-grain temporal 
pattern of freezing and respiration during odor presentation in adult 
rats. The temporal pattern is represented with a 1-s bin precision, from the 
odor onset (green vertical line on each graph) to shock arrival (red and blue 



vertical line on each graph) for the paired groups. Point B on the x-axis 
represents the averaged baseline. Paired 20 s group: red (n= 8), Paired 30 s 
group: blue in = 8) and Odor group: green (n = 9). Filled circles on each curve 
indicate the values that are significantly different from the baseline (p < 0.05). 



Adults 

For freezing (Figures, left panel), the ANOVA revealed a sig- 
nificant effect of Group [f(2, 22) = 51.709, p < 0.001], Time 
[f(i8 396) = 1.906, p = 0.014] and Group x Time interaction 
[P(36. 396) = 1.831, p = 0.003]. Further analyses revealed that 
both Paired groups showed higher levels of freezing than the Odor 
group [Paired 20 s vs. Odor, Group: 15) = 52.737, p < 0.001; 
Paired 30s vs. Odor, Group: 15) = 125.292, p < 0.001]. In 
addition, there was a significant difference between Paired 20 s 
and Paired 30 s groups temporal patterns during CS presenta- 
tion [Paired 20 s vs. Paired 30 s. Group x Time: f {is, 252) = 2.456, 
p = O.OOlj. Post-hoc within group comparisons showed that, in 
Paired 30 s animals, introduction of the CS induced a significant 
decrease in freezing (at seconds 10, 14 to 19, 21, 22, and 28 of the 
CS, p < 0.05) compared to baseline. In the Paired 20 s or in the 
Odor group no change in freezing rate was observed in presence 
of the CS odor. 

Concerning respiration (Figure 3, right panel), the ANOVA 
revealed a significant effect of Group [f(2, 22) = 14.498, p < 
0.001], Time [F(i8, 396) = 13.033, p < 0.001] and Group x 
Time interaction [f(36, 396) = 3.341, p < 0.001]. Further analy- 
ses revealed a significantly higher respiratory rate in the Paired 
groups compared to the Odor group [Paired 20 s vs. Odor, 
Group: 15) = 20.85, p < 0.001; Paired 30 s vs. Odor, Group: 
fji = 22.927, p < 0.001], as well as a significant difference 
between Paired 20 s and Paired 30 s groups temporal patterns 
[Paired 20 s vs. Paired 30 s, Group x Time: f (ig, 252) = 2.551, p = 
0.001 ] . In addition, within-group comparisons showed that while 
Odor animals showed almost no reaction upon odor arrival com- 
pared to baseline due to habituation, Paired animals' respiration 
rate increased significantly following odor onset. In particular, in 
Paired 20 s animals the increase was significant from seconds 5 
to 14 of the CS ip < 0.05), after which the rate returned to base- 
line value (p > 0.05). In Paired 30 s animals, the respiratory rate 



increased significantly from second 4 of the CS until the shock 
arrival (p < 0.05). 

In order to assess whether the temporal patterns of freezing 
and respiratory rate described above for the Paired groups are 
related to the CS-US interval, we tested whether they respected 
the scalar property as explained in the Methods. 

When considering the freezing curves of Paired 20 s and Paired 
30 s groups (Figure 4, upper part), superposition was better 
under the additive transform {r\^ = 0.49, right side) than under 
the multiplicative transform (ri^ = 0.26, middle) or no trans- 
form (r\^ = 0.24, left side). In contrast, for respiration (Figure 4, 
lower part), superposition was better under the multiplicative 
transform (t)^ = 0.85, middle) than under the additive transform 
(ti^ = 0.58, right side) or no transform (r|^ = 0.82, left side). The 
foregoing analyses were based on absolute response values for 
each dependent measure. When data were re-plotted in relative 
response rate on the Y axis, the results were similar, showing supe- 
rior superposition with additive transform for freezing (additive: 
ri^ = 0.67, multiplicative: = 0.36, no transform: ri^ = 0.20), 
and with multiplicative transform for respiration (multiplicative: 
^^ = 0.82, additive: = 0.53, no transform: t]^ = 0.80). Thus, 
the scalar property was best respected for respiration while it was 
not observed for freezing. 

In summary, adult rats exhibited different temporal patterns of 
freezing and respiration rates for the two CS-US intervals. Scalar 
rules were respected for the respiratory rate but not for freezing, 
which confirms our previous data (Shionoya et al., 2013). 

Infants 

The temporal patterns of freezing and respiration rate were 
assessed in infants using the same analysis parameters as for 
adults. 

Concerning freezing (Figure 5, left side), the ANOVA evi- 
denced a tendency for a Group effect [F(2, 27) = 3.01, p = 0.066], 
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FIGURE 4 I Scalar property test on the freezing (upper part) and 
respiration (lower part) temporal patterns in adult rats. The scalar 
timing rule predicts better superposition of the curves in relative time 
(multiplicative transform, middle panel), compared to no rescaling (left 
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panel) or rescaling by an additive shift of the x-axis (right panel). 

Superposition between the two curves was indexed by eta-square (r)^) 
indicated in the bottom right of each graph, the highest values being 
highlighted in bold characters. 



and a significant effect of Time [f (is, 486) = 12.988, p < 0.001] 
and Group x Time interaction [^(36, 486) = 6.656, p < 0.001]. 
Further analysis revealed that both Paired groups showed signif- 
icantly different levels of freezing than Odor group [Paired 20 s 
vs. Odor, Group: is) = 4.256; p = 0.054; Paired 30 s vs. Odor, 
Group: _F(i^ i8) = 4.489, p = 0.048]. In addition, the temporal 
patterns of Paired 20 s and Paired 30 s animals were significantly 
different [Paired 20 s vs. Paired 30 s, Group x Time: f(i8_ 324) = 
4.811, p < 0.001], although similar levels of baseline and pre- 
shock (3 last seconds before shock) freezing were observed in 
both groups (p > 0.05). In infants, introduction of the CS odor 
induced a strong decrease in freezing in the Paired groups. Indeed, 
within group comparisons showed that, in Paired 20 s animals, 
this decrease was significantly different from baseline from sec- 
ond 6 until shock arrival (p < 0.05), whereas in the Paired 30 s 
group significance was reached from second 17 until shock arrival 
ip < 0.05). 

Concerning the respiration (Figure 5, right panel), the 



ANOVA revealed an effect of Group [_F(2_ 



27) 



17.588, p < 



0.001], Time [_F(i8, 486) = 22.209, p < 0.001] and of the Group 
X Time interaction [-F(36, 486) = 5.123, p < 0.001]. Further anal- 
ysis evidenced that in both Paired groups the respiratory rate was 
significantly higher than in the Odor group [Paired 20 s vs. Odor, 
Group: _F(i, 18) = 98.076, p < 0.001; Paired 30 s vs. Odor, Group: 
_F(i 18) = 10.581, p = 0.004]. In addition, the temporal patterns 
of Paired 20 s and Paired 30 s animals were significantly differ- 
ent [Paired 20 s vs. Paired 30 s. Group x Time: -F(i8. 324) = 3.753, 
p < 0.001], although similar respiratory rates were observed at 
baseline and prior the shock arrival in the two groups (p > 0.05). 
Within group comparisons showed that, in the Paired 20 s group, 
introduction of the CS Odor induced a significant increase in 
respiratory rates compared to baseline from second 3 of the CS 
until shock arrival (p < 0.05), whereas in Paired 30 s animals, the 
increase reached significance from second 6 until the end of the 
CS ip < 0.05). 

When the scalar property was tested on the freezing curves 
(Figure 6, upper part), the highest superposition index was 
obtained for the multiplicative transform {ty^ = 0.82, middle) 
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FIGURE 5 I Effect of odor-shock conditioning on fine-grain temporal 
pattern of freezing and respiration during odor presentation in infant 
pups. The temporal pattern is represented with a 1-s bin precision, from the 
odor onset (green vertical line on each graph) to shock arrival (red and blue 



vertical line on each graph) for the paired groups. Point B on the x-axis 
represents the averaged baseline. Paired 20 s group: red in = 10), Paired 30 s 
group: blue (n = 10) and Odor group: green (n = 10). Filled circles on each curve 
indicate the points that are significantly different from the baseline (p < 0.05). 



compared to additive transform (r\^ = 0.71, right side) or no 
transform (ti^ = 0.70, left side). Similar results were observed 
for the respiratory rate curves (Figure 6, lower panel; multiplica- 
tive: = 0.61, additive: = 0.53, no transform: t]^ = 0.48). 
When response rates were re-plotted in relative values on the Y 
axis, the results were similar, showing superior superposition with 
multiplicative transform for freezing (multiplicative: = 0.85, 
additive: n]^ = 0.78, no transform: r]^ = 0.67), and for respiration 
(multiplicative: = 0.91, additive: = 0.63, no transform: 

= 0.82). Thus, in infant rats, the scalar property was respected 
for both respiration and freezing. 

In summary, infant rats showed different temporal patterns of 
freezing and respiration rates for the two duration intervals. Both 
freezing and respiration curves followed the scalar rules, thus 
supporting the hypothesis that infant pups expressed temporal 
learning. 

DISCUSSION 

The present study investigated the ontogeny of time durations 
encoding in odor fear conditioning. We tirst assessed whether 
the striatum, which is a brain area implicated in timing, was 
differentially activated in odor fear conditioning throughout 
development. This is the first study to assess striatum activity 
across development within this paradigm. The 2-DG metabolic 
mapping study revealed that, while dorsal striatum was acti- 
vated during odor fear acquisition in adults, its activity remained 
unchanged in juveniles. These data are in agreement with data 
on striatum development, which indicates the juvenile striatum 
is stiU maturing (Chronister et al, 1976; Tepper and Trent, 1993; 
Tepper et al., 1998). To investigate interval timing abilities before 
and after the striatum functional maturation, we performed fine- 
grain analysis of behavioral and physiological responses shown 
to be valuable for assessment of timing in adults during the 
early stages of odor fear learning. Specifically, we monitored the 



time course of the animal's respiratory rate and freezing behavior 
during conditioning at two developmental ages: one with stria- 
tum activity correlated with learning (adult) and the other for 
which the striatum has been shown to be immature in the lit- 
erature (infant). The data showed that for both adult and infant 
rats, duration-related temporal patterns can be detected for freez- 
ing and/or respiration curves suggesting that infants are able to 
encode time durations as well and as quickly as adults while their 
striatum is not yet functional. 

IN ADULT ANIMALS RESPIRATION RATE IS A RELIABLE INDEX OF TIME 
ENCODING 

The present data show that in adult animals, the temporal pat- 
terns of respiration rate in the Paired 20 and 30 s groups were 
significantly different and followed the scalar property. In con- 
trast, freezing temporal patterns, although different, did not 
respect scalar rules. These data confirm the results we obtained 
in a previous study using a slightly different paradigm (Shionoya 
et al, 2013). Indeed in that study, the same animals were first con- 
ditioned to a 20 s odor-shock interval and then shifted to a 30 s 
interval. This resulted in a shift of the temporal pattern of res- 
piration toward the new duration. However, while for analytical 
reasons studies of timing usually manipulate the interval dura- 
tions within rather than between subjects (Brown et al., 1992), 
this procedure may lead to biases in the temporal pattern of con- 
ditioned responses due to the previously learned duration. Here 
we show that differential patterns are observed when different 
groups of animals are used for the 20 and 30 s CS-US intervals, 
thus when the two groups underwent an equivalent amount of 
training. 

The present study also confirms that, in adults, respiration is a 
more sensitive index than freezing to investigate the emergence of 
duration-related temporal patterns within a few trials (Shionoya 
et al., 2013). Indeed, the respiratory rate pattern respected the 
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FIGURE 6 I Scalar property test on the freezing (upper part) and 
respiration (lower part) temporal patterns in infant rats. The scalar 
timing rule predicts better superposition of the curves in relative time 
(multiplicative transform, middle panel), compared to no rescaling (left 



panel) or rescaling by an additive shift of the x-axis (right panel). 
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scalar property (Gibbon, 1977). This property refers to the obser- 
vation that, in interval timing, the variability in the temporal 
behavior of an animal grows proportionally with the duration of 
the timed stimulus. This was not observed for the freezing tem- 
poral patterns suggesting that respiration is a more reliable index 
than freezing to assess interval timing in odor fear conditioning. 
This property might be due to the fact that respiratory rate is 
a highly fluctuant signal which can be modulated both by the 
sampling of odorants (Macrides et al., 1982; Youngentob et al., 
1987; Kepecs et al., 2007; Wesson et al, 2008) and by the acquired 
emotional valence of the stimulus (Freeman et al., 1983; Monod 
et al., 1989; Nsegbe et al., 1997) thus allowing the observation of 
subtle transient variations in the animal's fear levels. 

INFANT ANIMALS SHOW INTERVAL TIMING ABILITIES 

In infants, both the respiration and the freezing rates showed clear 
temporal patterns respecting the scalar property. To our knowl- 
edge, our study is the first to show interval timing in 12-15 days 
old infant rats. Indeed previous studies devoted to investigate the 



ontogenesis of temporal learning of seconds-to-minutes intervals 
in rats were performed on animals aged of 21 days at the begin- 
ning of training (Lejeune et al., 1986; Lejeune, 1992). Only slightly 
younger ages had been investigated on the sub-second range (17- 
day-old: Stanton et al, 1992). The lack of data in the literature 
concerning younger ages can be explained by the fact that classical 
paradigms used to investigate interval timing in animals use peak 
interval procedures (Catania, 1971) or temporal discrimination 
tasks (Stubbs, 1968), both of which require numerous condition- 
ing sessions and behavioral responses beyond the infants' motor 
abilities. In the present study, the use of fine-grain analysis of the 
temporal patterns of both respiration and freezing permitted us 
to highlight interval timing abilities occurring after only a few 
odor-shock pairings. This observation in rats is in line with data 
collected in human babies showing that they can be conditioned 
to temporal regularities within a few reinforced trials as early as at 
1 month of age (Fitzgerald et al., 1967). In this study, Fitzgerald 
and colleagues used light/dark regularly spaced switches to evi- 
dence that, after about 10 switches, human infants show regular 
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pupillary constriction or dilatation regardless if the switch occurs 
or not. A recent study using operant discriminative conditioning 
in 4-months-old babies confirmed a relatively high sensitivity to 
time at early ages (Provasi et al., 2011). 

Interestingly in our study the use of complementary indices 
such as freezing and respiration permitted us to highlight param- 
eters that revealed timing indices changes throughout develop- 
ment. Indeed, in infants, contrary to adults, freezing appears to be 
a good index of interval timing. Infant rats respond to the CS odor 
by a strong decrease in freezing. While it is unclear why freezing 
was a better measure of timing in pups compared to adults, it 
may be related to pups' immature freezing response (Hunt and 
Campbell, 1997). 

INVOLVEMENT OF THE DORSAL STRIATUM IN ODOR FEAR 
CONDITIONING 

The 2-DG autoradiograph revealed that, in adult Paired rats, 
the medial part of the posterior striatum showed an increased 
activity compared to Unpaired and Odor animals. A growing lit- 
erature suggests the involvement of the striatum in interval timing 
(Allen et al, 1972; Hikosaka et al, 1989; Matell et al, 2003; Hohn 
et al, 2011). According to McGeorge and FauU (1989), the lat- 
eral dorsal striatum receives projections from the sensori-motor 
cortex, while the medial posterior dorsal striatum receives inputs 
from the piriform cortex (McGeorge and FauU, 1989) and the 
amygdala (McDonald, 1991). Therefore, the difference we observe 
between localizations of the striatum activation might be due to 
the paradigm and modalities used. 

The dorsal striatum has also been suggested to be involved in 
aversive learning in general such as in auditory fear conditioning 
(Ferreira et al, 2003; Kishioka et al., 2009; Wendler et al, 2014), 
or in a two-way active avoidance task (Darvas et al, 201 1; Wendler 
et al, 2014) but not in contextual fear conditioning (Ferreira et al, 
2003). Interestingly, both auditory fear conditioning and two-way 
avoidance present some temporal regularities for the animal to 
learn, while contextual fear conditioning usually does not. This 
suggests that the striatum might be preferentially involved in time 
learning rather than in the learning of the aversion. This is also 
supported by the results in Unpaired animals of the present study, 
which showed a similar level of activation in the striatum as the 
control animals. 

In juveniles, our 2-DG metabolic mapping study showed simi- 
lar levels of activation in the striatum of Paired animals compared 
to Unpaired and Odor animals. In infants, both morphological 
(Chronister et al., 1976; Tepper and Trent, 1993) and electrophys- 
iological studies (Tepper et al., 1998) suggest that the striatum is 
immature. Therefore, at these two developmental ages, the stria- 
tum does not seem to be involved in the learning while infant ani- 
mals in our study and juvenile animals in the literature (Lejeune 
et al, 1986; Lejeune, 1992; Stanton et al, 1992; Freeman et al, 
1993) show clear evidence of learning of interval duration. This 
raises the question of the neuronal network supporting timing 
in young animals. It has been demonstrated that neural circuits 
underlying learning can evolve throughout the development of 
the organism. The neural substrate of odor-shock associative 
learning, for example, changes dramatically around PNIO. Prior 
to this age, the association is supported by the olfactory bulb and 



the anterior piriform cortex (Moriceau et al., 2006). After PNIO, 
the olfactory bulb disengages (Rangel and Leon, 1995), the pir- 
iform activation switches from anterior to posterior (Roth and 
Sullivan, 2005) and the amygdala gets involved in the encoding of 
the association (Moriceau et al, 2006). Another example of mod- 
ification of the neural circuit underlying a cognitive process can 
be found for extinction of conditioned fear. Indeed, while PN24 
rats present an adult-like extinction that requires the ventrome- 
dial prefrontal cortex (vmPFC), extinction in PN17 rats does 
not involve the vmPFC (for a review, see Kim and Richardson, 
2010). A similar switch throughout the brain maturation could 
be suggested to underlie time encoding in the brain. While the 
current model of interval timing encoding proposed in the lit- 
erature requires a complex communication between the cortex 
and the striatum (Matell and Meek, 2004), an alternative path- 
way could be involved in the encoding of interval durations in 
pups. The olfactory cortex in particular could play a role as it 
is functional at birth and is known to be involved in odor fear 
conditioning (Sevelinges et al., 2004, 2008; Jones et al, 2007). 
Interestingly in a previous study we showed that glutamate and 
GABA release in the olfactory cortex during odor fear condi- 
tioning was correlated to the time of arrival of the CS-US trial 
suggesting a role for this structure in time encoding (Hegoburu 
et al, 2009). This is in line with data from the literature showing 
that sensory cortices are implicated in the processing of tempo- 
ral information (Quirk et al, 1997; Shuler and Bear, 2006; Bueti 
et al., 2008). The amygdala could also be involved in interval tim- 
ing in infants. Indeed a recent study carried out in adult rats 
reported that changing the CS-US interval during auditory fear 
memory reactivation induced a selective increase in Zif-268 activ- 
ity in the lateral nucleus of the amygdala (Diaz-Mataix et al., 

2013) , and a growing literature suggest that the amygdala may 
play a role in timing the CS-US interval (Diaz-Mataix et al., 

2014) . As mentioned above the amygdala is involved in odor fear 
conditioning from the age of 10 days PN and could thus take 
part in time processing in infant animals. Finally, alternatively to 
the striatum, the olfactory tubercle could be considered. Indeed, 
based on its embryological, anatomical and neuro-chemical prop- 
erties, this structure is considered as part of the striatum, and has 
been shown to be functional at early developmental ages (Alheid 
and Heimer, 1988; Voorn et al., 2004). A recent review by Wesson 
and Wilson (2011) highlighted the involvement of this structure 
in both basic and complex olfactory functions and its poten- 
tially critical role in interfacing sensory processing and behavioral 
response. Indeed the olfactory tubercle receives direct olfactory 
sensory input from the olfactory bulb and piriform cortex (Luskin 
and Price, 1983) and additional input from the olfactory amyg- 
dala (Krettek and Price, 1978; Ubeda-Banon et al., 2007), thus 
enabling the association of a given olfactory stimulus with its 
learned emotional valence. Therefore, although the involvement 
of the olfactory tubercle in timing has not been investigated yet, 
this structure could act as a short pathway to link perception with 
the production of temporally structured actions, specifically at 
early developmental ages. 

In conclusion, the present study shows that in odor fear condi- 
tioning, interval durations are learned after only few trials from a 
very early age. Although the underlying neural network remains 
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to be elucidated, and may evolve with ontogeny, these findings 
support the hypothesis of a simultaneous encoding of the asso- 
ciative link between two events together with their temporal 
relationships (Balsam and Gallistel, 2009; Balsam et al, 2010). 
While further experiments are needed to assess temporal learn- 
ing at earlier ages than those used in the present study, our data 
suggest that associative and temporal learning might be two sides 
of the same coin. 

ACKNOWLEDGMENTS 

This work was supported by CNRS-PICS program. Partner 
University Fund Emotion & Time, LIA CNRS-NYU 
LearnEmoTime, ANR-Memotime, ANR-TDE, COST-Action 
TIMELY, NIH-DC009910, NIH-MH091451. This work was 
performed within the framework of the LABEX CORTEX 
(ANR-ll-LABX-0042) of Universite de Lyon, within the program 
"Investissements d'Avenir" (ANR-ll-IDEX-0007) operated 
by the French National Research Agency (ANR). The authors 
gratefully acknowledge Ounsa Ben-Hellal for taking care of the 
animals. 

REFERENCES 

Alheid, G., and Heimer, L. (1988). New perspectives in basal forebrain organization 
of special relevance for neuropsychiatric disorders: tlie striatopallidal, amyg- 
daloid, and corticopetal components of substantia innominata. Neuroscience 
27, 1-39. 

Allen, J. D., Mitcham, J. C, and Byrd, J. 1. (1972). Effects of caudate lesions on 
the acquisition and retention of Sidman avoidance in the rat. Psychon. Sci. 27, 
157-160. 

Balsam, P. D., Drew, M. R., and Gallistel, C. (2010). Time and associative learning. 

Comp. Cogn. Behav. Rev. 5, 1. doi: 10.3819/ccbr.2010.50001 
Balsam, P. D., and Gallistel, C. R. (2009). Temporal maps and informativeness 

in associative learning. Trends Neurosci. 32, 73-78. doi: 10. 1016/j. tins. 2008. 

10.004 

Block, R. A., Zakay, D., and Hancock, P. A. (1999). Developmental changes in 

human duration judgments: a meta-analytic review. Dev. Rev. 19, 183-211. 
Brown, B. L., Hemmes, N. S., and De Vaca, S. C. (1992). Effects of intratrial stimulus 

change on fixed -interval performance: the roles of clock and memory processes. 

Anim. Learn. Behav. 20, 83-93. 
Brown, K. L., Pagani, J. H., and Stanton, M. E. (2006). The ontogeny of interstim- 

ulus interval (ISl) discrimination of the conditioned eyeblink response in rats. 

Behav. Neurosci. 120, 1057. doi: 10.1037/0735-7044.120.5.1057 
Bueti, D., Bahrami, B., and Walsh, V. (2008) . Sensory and association cortex in time 

perception./. Cogn. Neurosci. 20, 1054-1062. doi: 10.1162/jocn.2008.20060 
Buhusi, C. v., and Meek, W. H. (2005). What makes us tick? Functional and 

neural mechanisms of interval timing. Nat. Rev. Neurosci. 6, 755-765. doi: 

10.1038/nrnl764 

Catania, A. C. (1971). Reinforcement schedules: the role of resposes preceding the 
one that produces the reinforcer. /. Exp. Anal. Behav. 15, 271-287. 

Chronister, R., FarneU, K., Marco, L., and White, L. Jr. (1976). The rodent neostria- 
tum: a Golgi analysis. Brain Res. 108, 37-46. 

Coull, J. T, Cheng, R.-K., and Meek, W. H. (2011). Neuroanatomical and 
neurochemical substrates of timing. Neuropsychopharmacology 36, 3-25. doi: 
10.1038/npp.2010.113 

Darvas, M., Fadok, J. P., and Palmiter, R. D. (2011). Requirement of dopamine 
signaling in the amygdala and striatum for learning and maintenance of a 
conditioned avoidance response. Learn. Mem. 18, 136-143. doi: 10.1101/lm.20 
41211 

Diaz-Mataix, L., Ruiz Martinez, R. C, Schafe, G. E., Ledoux, J. E., and Doyere, 
V. (2013). Detection of a temporal error triggers reconsolidation of amygdala- 
dependent memories. Curr. Biol. 23, 467-472. doi: 10.1016/j.cub.2013.01.053 

Diaz-Mataix, L., Tallot, L., and Doyere, V. (2014). The amygdala: a potential player 
in timing CS-US intervals. Behav. Processes 101, 112-122. doi: 10.1016/j.beproc. 
2013.08.007 



Droit- Volet, S. (2011). "Child and time," in Multidisciplinary Aspects of Time and 
Time Perception, eds A. Vatakis, A. Esposito, M. Giagkou, R Cummins and G. 
Papadelis (Berlin, Heidelberg: Springer- Verlag), 151-172. 

Ferreira, T. L., Moreira, K. M., Ikeda, D. C, Bueno, O. F., and Oliveira, M. 
G. M. (2003). Effects of dorsal striatum lesions in tone fear conditioning 
and contextual fear conditioning. Brain Res. 987, 17-24. doi: 10.1016/S0006- 
8993(03)03217-7 

Fitzgerald, H. E., Lintz, L. M., Brackbill, Y., and Adams, G. (1967). Time perception 
and conditioning an autonomic response in human infants. Percept. Mot. Skills 
24, 479-486. 

Freeman, J. H., Nicholson, D. A., Muckler, A. S., Rabinak, C. A., and Dipietro, N. 

T. (2003). Ontogeny of eyeblink conditioned response timing in rats. Behav. 

Neurosci. 117, 283. doi: 10.1037/0735-7044.117.2.283 
Freeman, J. H., Spencer, C. O., Skelton, R. W., and Stanton, M. E. (1993). Ontogeny 

of eyeblink conditioning in the rat: effects of US intensity and interstimulus 

interval on delay conditioning. Psychohiology 21, 233-242. 
Freeman, W. J., Viana Di Prisco, G., Davis, G., and Whitney, T. M. (1983). 

Conditioning of relative frequency of sniffing by rabbits to odors. /. Comp. 

Psychol. 97, 12. 

Gibbon, J. (1977). Scalar expectancy theory and Weber's law in animal timing. 
Psychol. Rev. 84, 279. 

Hegoburu, C, Sevelinges, Y., Thevenet, M., Gervais, R., Parrot, S., and Mouly, 
A.-M. (2009). Differential dynamics of amino acid release in the amygdala 
and olfactory cortex during odor fear acquisition as revealed with simulta- 
neous high temporal resolution micro dialysis. Learn. Mem. 16, 687-697. doi: 
10.1101/lm.l584209 

Hegoburu, C, Shionoya, K., Garcia, S., Messaoudi, B., Thevenet, M., and Mouly, 
A.-M. (2011). The RUB cage: respiration-ultrasonic vocalizations-behavior 
acquisition setup for assessing emotional memory in rats. Front. Behav. 
Neurosci. 5:25. doi: 10.3389/fnbeh.201 1.00025 

Hikosaka, O., Sakamoto, M., and Usui, S. (1989). Functional properties of monkey 
caudate neurons. 111. Activities related to expectation of target and reward. /. 
Neurophysiol. 61, 814-832. 

Hohn, S., Dallerac, G., Faure, A., Urbach, Y. K., Nguyen, H. R, Riess, O., et al. 
(2011). Behavioral and in vivo electrophysiological evidence for presymp- 
tomatic alteration of prefronto striatal processing in the transgenic rat model for 
huntington disease./. Neurosci. 31, 8986-8997. doi: 10.1523/JNEUROSC1.1238- 
11.2011 

Hunt, P. S., and Campbell, B. A. (1997). "Developmental dissociation of the 
components of conditioned fear," in Learning, Motivation and Cognition: 
the Functional Behaviorism of Robert C. Bolles, eds M. E. Bouton and 
M. S. Fanselow (Washington, DC: American Psychological Association), 
53-74. 

Jones, S. v., Stanek-Rattiner, L., Davis, M., and Ressler, K. J. (2007). Differential 
regional expression of brain-derived neurotrophic factor following olfactory 
fear learning. Learn. Mem. 14, 816-820. doi: 10.1101/lm.781507 

Kepecs, A., Uchida, N., and Mainen, Z. F. (2007). Rapid and precise control of sniff- 
ing during olfactory discrimination in rats. /. Neurophysiol. 98, 205-213. doi: 
10.1152/jn.00071.2007 

Kim, J. H., and Richardson, R. (2010). New findings on extinction of conditioned 
fear early in development: theoretical and clinical implications. Biol. Psychiatry 
67, 297-303. doi: 10.1016/j.biopsych.2009.09.003 

Kishioka, A., Fukushima, R, Ito, T, Kataoka, H., Mori, H., Ikeda, X, et al. (2009). A 
novel form of memory for auditory fear conditioning at a low-intensity uncon- 
ditioned stimulus. PLoS ONE 4:e4157. doi: 10.1371/journal.pone.0004157 

Krettek, J., and Price, J. (1978). Amygdaloid projections to subcortical structures 
within the basal forebrain and brainstem in the rat and cat. /. Comp. Neurol 
178, 225-253. 

Lejeune, H. (1992). Response timing and development: Fixed- interval performance 
in precociously weaned rats. Q. /. Exp. Psychol. B 44, 101-122. 

Lejeune, H., Jasselette, P., Nagy, J., and Peree, F. (1986). Fixed interval performance 
in weanling rats: a comparison with adult and senile subjects. Physiol Behav. 38, 
337-343. 

Luskin, M. B., and Price, J. L. (1983). The topographic organization of associa- 

tional fibers of the olfactory system in the rat, including centrifugal fibers to the 

olfactory bulb. /. Comp. Neurol 216, 264-291. 
Macrides, R, Eichenbaum, H. B., and Forbes, W. B. (1982). Temporal relationship 

between sniffing and the limbic rhythm during odor discrimination reversal 

learning./. Neurosci. 2, 1705-1717. 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



May 2014 | Volume 8 | Article 176 | 11 



Boulanger Bertolus et al. 



Interval tinning in infant rat 



Matell, M. S., and Meek, W. H. (2000). Neuropsychological mechanisms of 
mterval timmg behavior. Bioessays 22, 94-103. doi: 10.1002/(SICI)1521- 
1878(200001)22:1<94::AID-BIES14>3.0.CO;2-E 

Matell, M. S., and Meek, W. H. (2004). Cortico-striatal circuits and interval timing: 
coincidence detection of oscillatory processes. Cogn. Brain Res. 21, 139-170. doi: 
10.1016/j.cogbrainres.2004.06.012 

Matell, M. S., Meek, W. H., and Nicolelis, M. A. (2003). Interval timing and the 
encoding of signal duration by ensembles of cortical and striatal neurons. Behav. 
Neurosci 117, 760. doi: 10.1037/0735-7044.117.4.760 

McDonald, A. (1991). Organization of amygdaloid projections to the prefi"ontal 
cortex and associated striatum in the rat. Neuroscknce 44, 1-14. 

McGeorge, A., and Faull, R. (1989). The organization of the projection fi^om the 
cerebral cortex to the striatum in the rat. Neuroscience 29, 503-537. 

Meek, W. H., Penney, T. B., and Pouthas, V. (2008). Cortico-striatal representa- 
tion of time in animals and humans. Curr. Opin. Neurobiol. 18, 145-152. doi: 
10.1016/j.conb.2008.08.002 

Monod, B., Mouly, A.-M., Vigouroux, M., and HoUey, A. (1989). An investiga- 
tion of some temporal aspects of olfactory coding with the model of multi-site 
electrical stimulation of the olfactory bulb in the rat. Behav. Brain Res. 33,5 1-63. 

Moriceau, S., Wilson, D. A., Levine, S., and Sullivan, R. M. (2006). Dual cir- 
cuitry for odor-shock conditioning during infancy: corticosterone switches 
between fear and attraction via amygdala. /. Neurosci. 26, 6737-6748. doi: 
10.1523/JNEUROSCI.0499-06.2006 

Nsegbe, E., Vardon, G., Perruchet, P., and Gallego, J. (1997). Classic conditioning 
of the ventilatory responses in rats. /. Appl. Physiol. 83, 1 174-1 183. 

Pavlov, I. P. (1927). Conditioned Reflexes. An Investigation of the Physiological 
Activity of the Cerebral Cortex. London: Oxford University Press. 

Paxinos, G., and Watson, C. (1986). The Rat Brain in Stereotaxic Coordinates, 
Compact, 6th Edn. New- York, NY: Academic. 

Provasi, ]., Rattat, A.-C, and Droit- Volet, S. (2011). Temporal bisection in 4- 
month-old infants. /. Exp. Psychol. 37, 108. doi: 10.1037/a0019976 

Quirk, G. 1., Armony, ). L., and Ledoux, ). E. (1997). Fear conditioning enhances 
different temporal components of tone-evoked spike trains in auditory cor- 
tex and lateral amygdala. Neuron 19, 613-624. doi: 10.1016/80896-6273(00) 
80375-X 

Raineki, C, Holman, P. J., Debiec, J., Bugg, M., Beasley, A., and Sullivan, R. M. 
(2010). Functional emergence of the hippocampus in context fear learning in 
infant rats. Hippocampus 20, 1037-1046. doi: 10.1002/hipo.20702 

Rangel, S., and Leon, M. (1995). Early odor preference training increases olfac- 
tory bulb norepinephrme. Dev. Brain Res. 85, 187-191. doi: 10.1016/0165- 
3806(94)0021 1-H 

Roth, T. L., and Sullivan, R. M. (2005). Memory of early maltreatment: 
neonatal behavioral and neural correlates of maternal maltreatment within 
the context of classical conditioning. Biol. Psychiatry 57, 823-831. doi: 
10.1016/j.biopsych.2005.01.032 

Sevelinges, Y., Gervais, R., Messaoudi, B., Granjon, L., and Mouly, A.-M. (2004). 
Olfactory fear conditioning induces field potential potentiation in rat olfactory 
cortex and amygdala. Learn. Mem. 11, 761-769. doi: 10.1101/lm.83604 

Sevelinges, Y, Sullivan, R. M., Messaoudi, B., and Mouly, A.-M. (2008). Neonatal 
odor-shock conditioning alters the neural network involved in odor fear learn- 
ing at adulthood. Learn. Mem. 15, 649-656. doi: 10.1101/lm.998508 

Shionoya, K., Hegoburu, C, Brown, B. L., Sullivan, R. M., Doyere, V., and Mouly, 
A.-M. (2013). It's time to fear! Interval timing in odor fear conditioning in rats. 
Front Behav Neurosci. 7:128. doi: 10.3389/fnbeh.2013.00128 

Shuler, M. G., and Bear, M. F. (2006). Reward timing in the primary visual cortex. 
Scienceill, 1606-1609. doi: 10.1126/science.ll23513 

Smith, M. C. (1968). CS-US interval and US intensity in classical conditioning of 
the rabbit's nictitating membrane response. /. Comp. Physiol. Psychol. 66, 679. 
doi: 10.1037/h0026550 

Smith, M. C, Coleman, S. R., and Gormezano, I. (1969). Classical conditioning of 
the rabbit's nictitating membrane response at backward, simultaneous, and for- 
ward CS-US mtervals. /. Comp. Physiol. Psychol. 69, 226. doi: 10.1037/h0028212 



Stanton, M. E., Freeman, J. H., and Skelton, R. W. (1992). Eyeblink conditioning in 

the developing rat. Behav. Neurosci. 106, 657. doi: 10.1037/0735-7044.106.4.657 
Stubbs, A. (1968). The discrimination of stimulus duration by pigeons. /. Exp. Anal. 

Behav. 11, 223-238. doi: 10.1901/ieab.l968.11-223 
Sullivan, R. M., Landers, M., Yeaman, B., and Wilson, D. A. (2000). 

Neurophysiology: Good memories of bad events in infancy. Nature 407, 38-39. 

doi: 10.1038/35024156 
Sullivan, R. M., and Leon, M. (1986). Early olfactory learning induces an enhanced 

olfactory bulb response in young rats. Dev. Brain Res. 27, 278-282. doi: 

10.1016/0165-3806(86)90256-7 
Takahashi, L. K. (1992). Ontogeny of behavioral inhibition induced by unfamiliar 

adult male conspecifics in preweanling rats. Physiol. Behav. 52, 493—498. doi: 

10.10I6/0031-9384(92)90336-Z 
Tepper, ). M., Sharpe, N. A., Koos, T, and Trent, F. (1998). Postnatal development 

of the rat neostriatum: electrophysiological, light-and electron-microscopic 

studies. Dev. Neurosci. 20, 125-145. doi: 10.1159/000017308 
Tepper, J. M., and Trent, P. (1993). In vivo studies of the postnatal development 

of rat neostriatal neurons. Prog. Brain Res. 99, 35-35. doi: 10.1016/S0079- 

6123(08)61337-0 

Ubeda-Banon, I., Novejarque, A., Mohedano-Moriano, A., Pro-Sistiaga, P., De La 
Rosa-Prieto, C, Insausti, R., et al. (2007). Projections from the posterolateral 
olfactory amygdala to the ventral striatum: neural basis for reinforcing 
properties of chemical stimuli. BMC Neurosci. 8:103. doi: 10.1186/1471- 
2202-8-103 

Voorn, P., Vanderschuren, L. J., Groenewegen, H. J., Robbins, T. W, and Pennartz, 
C. (2004). Putting a spin on the dorsal— ventral divide of the striatum. Trends 
Neurosci 27, 468-474. doi: 10.1016/j.tins.2004.06.006 

Wendler, E., Caspar, ]. C, Ferreira, T. L., Barbiero, f. K., Andreatini, R., Vital, M. A., 
et al. (2014). The roles of the nucleus accumbens core, dorsomedial striatum, 
and dorsolateral striatum in learning: performance and extinction of Pavlovian 
fear-conditioned responses and instrumental avoidance responses. Neurobiol. 
Learn. Mem. 109, 27-36. doi: 10.1016/j.nlm.2013. 11.009 

Wesson, D. W., Donahou, T. N., fohnson, M. O., and Wachowiak, M. (2008). 
Sniffing behavior of mice during performance in odor-guided tasks. Chem. 
Senses 33, 581-596. doi: 10.1093/chemse/bjn029 

Wesson, D. W, and Wilson, D. A, (2011). Sniffing out the contributions of the 
olfactory tubercle to the sense of smell: hedonics, sensory integration, and 
more? Neurosci. Biobehav. Rev. 35, 655-668. doi: 10.1016/j.neubiorev.2010. 
08.004 

Youngentob, S. L., Mozell, M. M., Sheehe, P. R., and Homung, D. E. (1987). A 
quantitative analysis of sniffing strategies in rats performing odor detection 
tasks. Physiol. Behav. 41, 59-69. doi: 10.1016/0031-9384(87)90131-4 

Conflict of Interest Statement: The authors declare that the research was con- 
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest. 

Received: 28 March 2014; paper pending published: 07 April 2014; accepted: 25 April 
2014; published online: 15 May 2014. 

Citation: Boulanger Bertolus ], Hegoburu C, Ahers JL, Londen E, Rousselot J, Szyba K, 
Thevenet M, Sullivan-Wilson TA, Doyere V, Sullivan RM and Mouly A-M (2014) 
Infant rats can learn time intervals before the maturation of the striatum: evi- 
dence from odor fear conditioning. Front Behav. Neurosci. 8:176. doi: 10.3389/fnbeh. 
2014.00176 

This article was submitted to the journal Frontiers in Behavioral Neuroscience. 
Copyright © 2014 Boulanger Bertolus, Hegoburu, Ahers, Londen, Rousselot, Szyba, 
Thevenet, Sullivan-Wilson, Doyere, Sullivan and Mouly. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) or licensor are credited and that the original publication in this 
journal is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms. 



Frontiers in Behavioral Neuroscience 



www.frontiersin.org 



May 2014 | Volume 8 | Article 176 | 12 



